Extensive biochemical and structural analyses have been performed on the putative DNA repair proteins of hyperthermophilic archaea, in contrast to the few genetic analyses of the genes encoding these proteins. Accordingly, little is known about the repair pathways used by archaeal cells at high temperature. Here, we attempted to disrupt the genes encoding the potential repair proteins in the genome of the hyperthermophilic archaeon Thermococcus kodakaraensis. We succeeded in isolating null mutants of the hjc, hef, hjm, xpb, and xpd genes, but not the radA, rad50, mre11, herA, nurA, and xpg/fen1 genes. Phenotypic analyses of the gene-disrupted strains showed that the xpb and xpd null mutants are only slightly sensitive to ultraviolet (UV) irradiation, methyl methanesulfonate (MMS) and mitomycin C (MMC), as compared with the wild-type strain. The hjm null mutant showed sensitivity specifically to mitomycin C. On the other hand, the null mutants of the hjc gene lacked increasing sensitivity to any type of DNA damage. The Hef protein is particularly important for maintaining genome homeostasis, by functioning in the repair of a wide variety of DNA damage in T. kodakaraensis cells. Deletion of the entire hef gene or of the segments encoding either its nuclease or helicase domain produced similar phenotypes. The high sensitivity of the Δhef mutants to MMC suggests that Hef performs a critical function in the repair process of DNA interstrand crosslinks. These damage-sensitivity profiles suggest that the archaeal DNA repair system has processes depending on repair-related proteins different from those of eukaryotic and bacterial DNA repair systems using homologous repair proteins analyzed here.
INTRODUCTION
Intensive genetic analyses of the responsible genes have defined DNA repair systems, such as the homologous recombination repair (HRR), nucleotide excision repair (NER), and mismatch repair (MMR) pathways, and have identified the proteins involved in these pathways (Friedberg et al., 1995) . These repair pathways reportedly cooperate with each other and with the DNA replication and transcription machinery to ensure genome integrity (Gottipati and Helleday, 2009) . Recent in vivo and in vitro studies of eukaryotic DNA repair mechanisms have emphasized the complexity of the repair systems that involve multiple protein networks.
Archaea, an evolutionary lineage fundamentally distinct from both Bacteria and Eukarya (Woese and Fox, 1977; Woese et al., 1990) , are small, nucleus-less microorganisms that cytologically resemble Bacteria, but exhibit much more similarity to Eukarya at the molecular level for most major cellular processes. In particular, biochemical and comparative genomic analyses have shown that the DNA metabolism (replication, recombination and repair) in Archaea is generally more similar to Edited by Hiroshi Iwasakithat of Eukarya than to that of Bacteria (Kelman and White, 2005) . Several DNA repair proteins have been identified or predicted in Archaea by in vitro biochemical screens and/or in silico genomic analyses. RadA, a Rad51-like RecA family recombinase (Komori et al., 2000) , the Rad50/Mre11 complex (Hopkins and Paull, 2008; Williams et al., 2008) , NurA and HerA, a doublestrand end processing nuclease and a helicase, respectively (Constantinesco et al., 2002 (Constantinesco et al., , 2004 , and Hjc, an archaeal-specific Holliday junction resolvase (Komori et al., 1999) , may be involved in DSB repair via the homologous recombination pathway. The Xpb, Xpd, Xpg, and Hef/Xpf proteins, which are the homologues of the eukaryotic proteins encoded by genes whose mutations result in the human Xeroderma pigmentosum syndrome (XP), may function in the NER pathway as helicases or nucleases in Archaea (Komori et al., 2002 (Komori et al., , 2004 Roberts et al., 2003; Roberts and White, 2005; Rudolf et al., 2006; Richards et al., 2008; Roth et al., 2009; Rouillon and White, 2010) . A biochemical screen to detect an activity that can promote the migration of synthetic Holliday junctions identified the Hjm/Hel308a helicase (Fujikane et al., 2005) . This archaeal protein partially complemented the defect of RecQ functions in a recQ mutant Escherichia coli cells, and may be involved in stalled replication fork stabilization like eukaryotic RecQ family proteins including WRN, BLM, and Sgs1 (Fujikane et al., 2006; Guy and Bolt, 2005) . In vitro biochemical and structural analyses of these proteins in Archaea have been performed, and their in vitro activities have been characterized. Comparative genome analyses also revealed that only methanogenic and halophilic Archaea possess clear homologues of the bacteria-type UvrABC repair pathway, suggesting that most archaeal organisms have a eukaryotic-like NER pathway, with the Xpb, Xpd, Xpg, and Hef/Xpf proteins (Kelman and White, 2005) . While Archaea seem to possess eukaryotic-like repair systems, they lack the homologues of many proteins required for DNA repair in Eukarya, especially those involved in regulatory circuits. Therefore, the archaeal DNA repair systems are considered to mainly consist of the essential, key components of the eukaryotic systems, and thus are regarded as simplified models for studying the more complex eukaryotic DNA repair processes. However, many aspects of the archaeal DNA repair processes remain enigmatic.
Although biochemical and structural analyses of archaeal DNA repair proteins have been performed, little is known about their physiological functions in vivo, since genetic analyses of DNA metabolism in Archaea have only been performed over the last decade or so. The gene targeting methods in Archaea were initially developed in halophilic Archaea. Host-marker systems using nutrient and antibiotic selection markers, effective transformation methods, shuttle vectors, and reporter gene systems are now available for mesophilic Archaea (Allers and Mevarech, 2005) . A few genetic investigations have been performed on the DNA repair genes, especially the HRR genes, in Haloferax volcani and Halobacterium sp. NRC-1, and showed that RadA functions in the repair of DNA damaged by ultraviolet (UV) irradiation and methyl methanesulfonate (MMS) (Woods and Dyall-Smith, 1997) , and that Mre11 is important for the repair of DNA double-strand breaks in Halobacterium, whereas Rad50 is dispensable (Kish and DiRuggiero, 2008) . The uvrA, uvrB and uvrC genes are required for the repair of UVinduced DNA photoproducts in Halobacterium sp. NRC-1 (Crowley et al., 2006) .
In hyperthermophlic Archaea, gene disruption methods and genetic tools were first developed for the crenarchaea of the genus Sulfolobus (Grogan, 1991) . These genetic tools were used to analyze the functions of the genes involved in the DNA replication and repair processes in S. islandicus (She et al., 2009 ). For anaerobic hyperthermophilic euryarchaea, genetic tools for gene targeting have now been established in Thermococcus kodakaraensis (Sato et al., 2003 (Sato et al., , 2005 . One interesting example involved the in vivo disruption and analysis of a gene encoding reverse gyrase on the T. kodakaraensis genome, which revealed that the gene product functions in adaptation to high temperature, because reverse gyrase is highly conserved only in hyperthermophiles (Atomi et al., 2004) . These efficient genetic tools have already been used to investigate several biological systems, such as the glycolysis pathway (Yoshida et al., 2006; Matsumi et al., 2007) , natural product biosynthesis (Yokooji et al., 2009; Borges et al., 2010) , transcription factors (Kanai et al., 2007 (Kanai et al., , 2010 , and operon transcription and translation machinery Hirata et al., 2008) . However, these useful and powerful techniques have not yet been applied to the analysis of DNA repair.
Here, we have disrupted several genes predicted to be involved in DNA repair in T. kodakaraensis. We obtained knock-out mutants of the genes encoding the proteins Xpb, Xpd, Hef, Hjc, and Hjm, indicating that these proteins are not essential for the viability of T. kokadaraensis. We then investigated the sensitivity of all of these mutants to several different types of DNA damaging agents, including UV, γ-rays, MMS, and mitomycin C (MMC). All of our mutants showed either slight or no sensitivity to these DNA damaging agents, as compared with the wild type T. kodakaraensis, except for the hef-deleted mutant, which exhibited high sensitivity to the DNA damage produced by these agents. We thus focused our work on the Hef protein, and investigated how its helicase and nuclease activities are involved in the repair of various types of DNA damage.
MATERIALS AND METHODS

Chemicals and Enzymes
Chemical reagents and enzymes for DNA manipulations were purchased from Sigma, New England Biolabs, and Takara Bio, unless noted otherwise.
Microorganisms and culture
The E. coli strain DH5α was used for general DNA manipulations. E. coli cells were cultivated in LB medium, containing 50 μg/ml of ampicillin when necessary. T. kodakaraensis cells were cultivated under anaerobic conditions at 85°C in nutrientrich medium (ASW-YT), containing yeast extract, tryptone and artificial sea water, as described previously (Sato et al., 2003) . For uracil autotroph selection, a medium named (ASW-CH) containing 5% vitamin-free casein hydrolysate, artificial sea water, vitamin mixture, modified Wolfe's trace minerals and elemental sulfur was employed, instead of ASW-AA (Sato et al., 2003) .
Construction of the plasmid for gene disruption in
T. kodakaraensis The plasmids used for gene disruption were constructed as follows. The target gene, along with about 1 kb of each 5' and 3' flanking region, was amplified from T. kodakaraensis genomic DNA by PCR, using primers containing the recognition sequences for the restriction endonucleases used for cloning. The amplified fragments were cloned into the pGEM-T easy vector (Promega), and the nucleotide sequences were confirmed. The flanking regions for each target gene were amplified along with the vector backbone by inverse PCR, followed by ligation to make a continuous DNA fragment containing both flanking sequences without the target gene. The resultant DNA fragment was excised with the appropriate restriction enzymes and inserted into pUD2, a pUC118-based plasmid harboring pyrF as a nutrient marker (Sato et al., 2005) , which was kindly provided by Dr. Atomi, at Kyoto University.
Construction of the gene deletion mutants of T. kodakaraensis
The KU216 strain lacking the pyrF gene (a gift from Dr. Atomi) was transformed with the plasmids constructed above. After transformation, the pyrF + transformants showing uracil autotrophy were selected by cultivating in ASW-CH medium lacking uracil. The pyrF + cells were then plated on ASW-YT containing 0.85% (w/v) 5-fluoroorotic acid (5-FOA) (Euromedex) in order to select the uracil auxotrophic cells produced by internal chromosomal recombination events. The colonies were picked and cultivated in 5 ml ASW-YT with elemental sulfur. Genomic DNA was isolated from the cultures by phenol/ chloroform extraction, followed by isopropanol precipitation. The genotypes of the isolated strains were analyzed by PCR amplification, using the same primer sets employed for the amplification of the flanking regions of each target gene. The deletion genotypes were also confirmed by a Southern blot analysis. Ten micrograms of genomic DNA from KU216 and the mutant strains were digested with the appropriate restriction enzymes, separated by agarose gel electrophoresis, and transferred to a nylon membrane (Hybond N+, GE Healthcare).
32 Plabeled probes were prepared and hybridized with the DNA on the nylon membranes, and the signals were detected by autoradiography. The Western blot analysis was performed to detect the proteins corresponding to the nuclease domain and the helicase domain in the cell extracts from the deletion mutant strains of the helicase and nuclease domains, respectively. The cell extracts from the T. kodakaraensis cells (1 × 10 8 cells) were separated by 10% SDS-PAGE, blotted onto a polyvinylidene difluoride (PVDF) membrane (BioRad), and reacted with the anti-Hef antiserum, prepared by MBL Co Ltd.
(Nagano, Japan) using purified recombinant TkoHef, as described below. The bands corresponding to each protein were detected by an enhanced chemiluminescence system (GE Healthcare), according to the manufacturer's instructions. ). The plates were incubated at 85°C for 18 hours, and the living cells were visualized by staining with Coommassie Brilliant Blue, after transfer to a PVDF membrane (BioRad).
UV treatments T. kodakaraensis
MMS and MMC treatments T. kodakaraensis KU216
and its mutant strains were cultivated as described above for the UV treatment experiments. The cells in one milliliter of culture were collected by centrifugation and resuspended in 100 μl of artificial sea water, and MMS (0.05%) or MMC (100 μg/ml) was added. The cells were incubated at room temperature for 4 hr, and then serial dilutions were spotted on ASW-YT plates. The plates were incubated at 85°C for 18 hr, and the living cells were visualized as described above.
Gamma ray treatments T. kodakaraensis KU216 and its mutant strains were cultivated as described above for the UV treatment experiments, and the cells were concentrated ten-fold. One milliliter of each concentrated culture was irradiated with a 137 Cs γ-ray source on ice, at a rate of 42.5 Gy/min. The irradiated cells were diluted serially and spotted on ASW-YT plates. The plates were cultivated at 85°C for 18 hr, and the living cells were visualized as described above.
Purification of T. kodakaraensis Hef protein
To express the hef gene in E. coli cells, the gene was cloned into the pET21a expression vector (Novagen). The TkoHef protein was purified from E. coli BL21-CodonPlus (DE3)-RIL cells (Stratagene) containing the expression plasmid. The E. coli cells were cultivated at 37°C in 1 liter of LuriaBertani medium, containing 50 μg/ml of ampicillin. When the culture reached an optical density at 600 nm of 0.5, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM, and the culture was further incubated for 14 hr. Cells were harvested and suspended in 25 ml of buffer A (50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 2 mM β-mercaptoethanol, 0.1 M NaCl, and 10% glycerol), and the cell extract was prepared by sonication. The E. coli proteins were partially removed by heating at 80°C for 20 min and separating the precipitated proteins by centrifugation. To the supernatant, polyethyleneimine was added to 0.15% (wt/vol), and the mixture was stirred for 30 min at 4°C. The proteins in the supernatant were precipitated by adding ammonium sulfate to 80% saturation. The precipitate was dissolved in buffer B (50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 2 mM β-mercaptoethanol, 1 M ammonium sulfate and 10% glycerol), and was subjected to chromatography on a HiTrap phenyl column (GE Healthcare). The fractions containing TkoHef were eluted at about 0.5-0.6 M ammonium sulfate, and were pooled and subjected to chromatography on a HiTrapQ column (GE Healthcare) after dialysis against buffer C (50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 2 mM β-mercaptoethanol, and 10% glycerol). The flow-through fraction was loaded onto a HiTrap Heparin column (GE Healthcare), which was developed with a linear gradient of 0.05-1 M NaCl in buffer C. The fraction that eluted at 0.4 M NaCl was dialyzed against buffer C and applied to a HiTrap SP column (GE Healthcare). The TkoHef protein was eluted at 0.5 M NaCl in the chromatography developed with a 0.05-1 M NaCl linear gradient. The purified TkoHef was stored at 4°C after dialysis against buffer C. The protein concentrations were determined by measuring the absorbance at 280 nm. The theoretical molar extension coefficient (ε) of this molecule was 57,760, which was calculated based on the numbers of tryptophan and tyrosine residues in its amino acid sequence.
Enzyme assay
The two kinds of fork-structured DNAs, with (FM) and without (FI) mobile junction point, were prepared as described in our previous study (Komori et al., 2004) . One of the oligonucleotide components was labeled with 32 P at the 5'-end by [γ-32 P]ATP (Perkin Elmer) and polynucleotide kinase before annealing for fork construction. The FM substrate can convert its structure from one containing a single-stranded region in the template for lagging strand synthesis to the other without this single-strand gap by branch point migration. The purified TkoHef (5 nM) was incubated with the fork-structured DNA (10 nM), in a buffer containing 20 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 1 mM DTT, 50 mM KCl, and 8 mM ATP, at 60°C for 5 min. The reaction products were analyzed by 12% denaturing (8 M urea) polyacrylamide gel electrophoresis in 1 × TBE buffer, followed by autoradiography.
RESULTS
Construction of DNA repair gene deletion mutants
In order to determine what kind of DNA repair system contributes to the maintenance of genome integrity in T. kodakaraensis, we tried to knock-out the genes encoding proteins with sequence similarity to the eukaryotic DNA repair proteins exhibiting biochemical properties in vitro that are compatible with a role in eukaryotic DNA repair. We selected eleven proteins for this study: Xpd, Xpb, Hef/Xpf, Hjc, Fen1/Xpg, Hjm/Hel308, RadA, NurA, Rad50, Mre11, and HerA (Table 1) . For the gene disruption in the T. kodakaraensis genome, we used the method schematically illustrated in Fig. 1 , as described previously (Sato et al., 2005) . The gene-disruption vectors harboring the pyrF gene, as a selectable marker, and the 5' and 3' flanking regions of each target gene were constructed. Transformants showing uracil autotrophy were selected from the KU216 strain. The 5-FOA resistant cells were then selected to isolate deletion mutants of the target genes by intra-chromosomal recombination. The deletion of the target genes in the obtained clones was confirmed by PCR, using primer sets designed to amplify the target gene locus with the 5' and 3' flanking regions. The deletion strains for xpb, hef, xpd, hjm, and hjc were obtained by the above described procedure without difficulty. As shown in Fig. 2A and 2B, PCR amplification of each disruptant clone produced a DNA product with the predicted size, corresponding to the length of the 5' and 3' flanking regions of the targeted genes, in contrast to the cases for the parent strain KU216, which provided PCR products with various sizes, corresponding to those of the targeted genes plus the flanking regions. The obtained gene knock-out mutants were designated as RF004, RF051, RF071, RF341, and RF501, for the xpb, hef, xpd, hjm, and hjc genes, respectively (Table 2) . We further confirmed the deletion of the target genes in the isolated clones by a Southern blot analysis, as shown in Fig. 2C . These results show that Xpb, Hef, Xpd, Hjm, and Hjc are not essential for the cell viability of T. kodakaraensis. We also tried to disrupt the other genes listed in Table 1 simultaneously, using the same procedure. More than one hundred 5-FOA resistant clones were analyzed for each gene from several independent experiments. However, no deletion mutant strains for radA, rad50, mre11, herA, nurA, and xpg were obtained, even though uracil autotrophic transformants were isolated with the same efficiency as in the cases of the successful deletions described above. These results indicate that the cells lacking RadA, Rad50, Mre11, HerA, NurA, or Xpg are difficult to grow if intra-chromosomal recombination occurs to delete these genes from the chromosome. These proteins, which are expected to be involved in homologous recombination and/or Okazaki fragment maturation, are probably essential for the Sensitivity of mutant strains to DNA damage We evaluated the sensitivity of the obtained deletion mutants to DNA damage caused by UV, MMS, MMC, and γ-rays. UV-irradiation of DNA produces, cyclobutane pyrimidine dimer (CPD) and pyrimidine-pyrimidine (6-4) photoproducts ((6-4)PP). MMS is an alkylating agent that causes base modifications in DNA, by methylating N7-deoxyguanine, N3-deoxyadenine, and O 6 -methylguanine, (Sato et al., 2003) RF004
hjc deletion whereas MMC forms interstrand cross-links (ICLs) on double stranded DNA. These forms of DNA damage block replication fork progression and lead to strand breaks (Branzei and Foiani, 2005; Michel et al., 2007) . The γ-ray irradiation causes double-stranded breaks (DSBs), which are fatal to the cells if not repaired (Bernstein and Rothstein, 2009; Michel et al., 2007) . Cells lacking the proteins involved in DNA repair processes, such as the NER and HRR pathways, are sensitive to these DNA lesions to some extent in all model organisms. Therefore, we checked how each gene knock-out impacted the cell viabilities after DNA damaging treatments, to investigate the functions of the targeted gene products.
All of the mutant strains exhibited the same viability as the parental strain, KU216, without DNA damaging treatment, suggesting that the lack of Hef, Hjm, Hjc, Xpb or Xpd did not affect the cell growth of T. kodakaraensis under normal growth conditions (Fig. 3A) . For the UV treatment, each strain was serially diluted and spotted on plates, and the plates were irradiated by UV-C (254 nm). 8 cells) were fractionated by 10% SDS-PAGE, and the protein bands were detected by anti-TkoHef antiserum. The blotted membrane was also subjected to DNA polymerase B detection, using anti-TkoPolB antiserum, as an internal control for the cell extracts (shown in the bottom). The purified recombinant TkoHef (20 fmol) was loaded simultaneously on the far left side. Some degradation of the Δnuc protein, probably from the IDR region, is visible on the far right side.
All of the strains, including KU216, showed high sensitivity to 5 J/m 2 of UV irradiation, with viability ranging from 10 -3 to 10 -4 (Fig. 3B) . On the other hand, a lower dose (2 J/m 2 ) of UV irradiation revealed differences in the sensitivities among the strains (Fig. 3C) . The Δhef, Δhjm, Δxpb, and Δxpd strains were slightly more sensitive than the KU216 and Δhjc strains. These results indicate that Hef, Hjm, Xpb, and Xpd are involved in repairing the DNA lesions caused by UV, at least to some extent.
To assess the sensitivities to MMS or MMC, the mutant cells were incubated with MMS (0.05%) or MMC (100 μg/ ml) and then spotted on plates. Remarkably, only the Δhef mutant showed prominent sensitivity to MMS, as compared to the other strains (Fig. 3D) . The Δhef mutant was also much more sensitive to MMC than all of the other deletion mutants (Fig. 3E) . These results indicate that Hef may play an important role in the repair of DNA alkylations and ICLs. A very small difference was detected in the sensitivity to MMS and MMC between the wild type and Δxpb and Δxpd mutant strains, suggesting that Xpb and Xpd, the eukaryotic XP homologs, are not essential to repair these types of DNA damage. These observations suggest that the NER pathway is not the primary pathway for repairing the DNA lesions caused by MMS and MMC in T. kodakaraensis, if Xpb and Xpd actually function in NER in the archaeal cells. In terms of MMC sensitivity, the Δhef mutant clearly showed higher sensitivity, as compared to the other tested strains. In addition, the Δhjm mutant was slightly more sensitive than the other mutants (Fig. 3E) .
To determine whether these DNA repair gene products are involved in DSB repair via the HRR pathway, we employed a γ-ray irradiation test. As shown in Fig. 3F , the Δhef mutant was the only one obviously sensitive to DSBs, indicating that Hef may be involved in the HRR pathway as well. Surprisingly, the Δhjc mutant did not exhibit higher sensitivity to γ-rays, UV, MMS, or MMC, as compared with the parental strain, although Hjc is a highly conserved, archaeal-specific protein displaying Holliday junction (HJ)-resolving activity in vitro (Komori et al., 1999) , and seems to be essential to complete the HRR process.
Mutation analysis of each helicase or endonuclease domain of the Hef protein
Since the Δhef mutant clearly showed higher sensitivity to all of the damaging treatments, as compared with the parental strain, Hef may be involved in repairing a wide variety of DNA damage in T. kodakaraensis. Therefore, we decided to focus our analysis on this protein. Archaeal Hef consists of two domains, one corresponding to a superfamily II helicase and the other to the XPF/Mus81 family nuclease (Fig. 4A) , as we originally reported (Komori et al., 2002) . In Eukarya, all of the Hef-family proteins exhibit either helicase or nuclease activity (not both) that is essential for genome integrity, and actually the inactivation of those activities in mouse and human cells results in a predisposition to cancer (Ciccia et al., 2008) . Biochemical analyses of Pyrococcus furiosus Hef revealed that the fork-structured DNA is the best substrate for its helicase and nuclease activities (Komori et al., 2004) . However, it is not known if these helicase and nuclease activities are essential for Hef function in the cells. In order to address this point, we constructed mutant strains lacking either the helicase or nuclease domain of Hef, as shown in Fig. 4B -E, and investigated their phenotypes. The mutant strains with a deletion of the gene corresponding the helicase domain, RF211 (Δhel), and the nuclease domain, RF201 (Δnuc), of Hef showed almost the same phenotype as the null mutation of the hef gene RF051 (Δhef), in terms of both growth and sensitivities to UV, MMS, MMC, and γ-rays (Fig. 5) . We performed the same experiment several times and no obvious difference of the sensitivity was observed among the deletion strains, although the Δhel mutant looks slightly more sensitive to MMC than the other two mutants in the presented figure. These results suggest that both the helicase and nuclease domains are indispensable for the function of the Hef protein in DNA repair for those types of damage. These domains may cooperatively function to maintain genome integrity.
Hef has helicase and nuclease activities for forkstructured DNA in vitro To determine whether the T. kodakaraensis Hef protein (TkoHef) has helicase and endonuclease activities, as observed in P. furiosus Hef (PfuHef), we purified TkoHef, produced in E. coli as a recombinant protein, to homogeneity (Fig. 6A ). The amount of purified TkoHef was 3.5 mg from 1 liter E. coli culture. The purified TkoHef was subjected to an in vitro assay using synthetic fork-structured DNAs. Two kinds of fork-DNAs, a fork with an immobile branch point (FI) and a fork containing a homologous sequence to migrate the branch point (FM), were used for the assay. As shown in Fig. 6B , TkoHef cleaved the strand corresponding to the template for leading strand synthesis mainly at 5 bases on the 5'-side of the fork junction, as also observed in the reaction with PfuHef (Komori et al., 2004) . In the case of the mobile fork DNA (FM), TkoHef cleaved near the junction after it was regressed, and filled the gap in the strand corresponding to the lagging strand synthesis, as schematically shown in Fig. 6B , with the same efficiency as observed in immobile DNA (FI). This result indicates that the helicase activity actually worked to convert the fork structure to a more suitable substrate (no single-strand gap at the junction point) for the endonuclease. These biochemical properties of TkoHef suggest that this protein actually worked at stalled replication forks by the coordination of its helicase and endonuclease activities, as predicted.
DISCUSSION
In this report, we have employed, for the first time, the gene knock-out technique to elucidate the functions of several archaeal DNA repair proteins, which are either Fig. 6 . Purification of T. kodakaraensis Hef protein and its fork-structured DNA cleavage activity. A. The purified TkoHef protein (1 μg) was fractionated by 7.5% SDS-PAGE and stained with Coomassie Brilliant Blue. M, molecular mass standards (New England Biolabs). B. Purified TkoHef was reacted with 32 P-labeled fork-structured DNAs, as schematically drawn on the right side, and was incubated as described in MATERIALS AND METHODS. FI and FM indicate the forks in which the junction is fixed and movable, respectively, depending on the base-sequences around the junction. The reaction products were analyzed by 15% denaturing PAGE, followed by autoradiography. The sites in the fork-structured DNA cleaved by TkoHef are indicated by the arrowheads. The size of the arrowhead represents the cleavage efficiency.
homologous to eukaryotic DNA repair proteins or exhibit in vitro activities compatible with a role in the known DNA repair systems. Our results showed that T. kodakaraensis cells are originally more sensitive to UV, as compared to other archaeal species, such as S. solfataricus (Wood et al., 1997 ), H. volcani (McCready, 1996 , and Halobacterium sp. NRC-1 (Baliga et al., 2004) , and are also more sensitive than typical model organisms, such as E. coli (Shibata et al., 2005) , and Saccharomyces cerevisiae (Hishida et al., 2002) . The higher sensitivity of T. kodakaraensis to UV can be rationalized by considering that this organism was isolated from the bottom of the sea, an environment far from UV sources (Morikawa et al., 1994) . It can also be explained from a molecular aspect, since this archaeon harbors neither a photolyase homologue nor a homologue of the DinB-like translesion DNA polymerases, which are found in Halophiles, Sulfolobus, and Methanosarcina, respectively, and probably contribute to UV damage tolerance (Kelman and White, 2005) . A DinB homolog from M. acetivorans was recently demonstrated to have translesion synthesis through CPD and Abaic site, but not (6-4)PP in vitro (Lin et al., 2010) . The UV-damage endonuclease (UVDE) is also known to contribute to repair the UV-induced lesions. This enzyme was originally identified in Schizosaccharomyces pombe and is widely distributed through Bacteria, but only four archaeal organisms, including Sulfolobus, Haloarcula, Haloquadratum, and Methanoculleus, have a homolog in their genome (Goosen and Moolenaar, 2008) . No homologue of UVDE is coded on the genome of T. kodakaraensis genome DNA.
In Eukarya and Bacteria, the main pathway of UV damage repair in the absence of photolyase activity is the NER pathway. The NER pathway can also function in the repair of damage induced by MMS and MMC. In Bacteria, the main NER pathway is operated by the UvrABC proteins. These proteins are present in some halophilic and methanogenic archaea, but are not found in T. kodakaraensis and most other Archaea. This indicates that Archaea should harbor another type of NER pathway. The archaeal homologues of the eukaryotic NER proteins, XPB and XPD, are obvious candidates to participate in the repair pathway. However, such a pathway should also be quite specific for Archaea, since archaeal genomes do not harbor genes encoding homologous proteins for XPA, XPC, and XPE, which are essential for the eukaryotic NER pathway, in association with XPB and XPD (Kelman and White, 2005) . Extensive studies on the archaeal XPB and XPD proteins have recently been published (Richards et al., 2008; Roth et al., 2009; Fan et al., 2008; Liu et al., 2008; Wolski et al., 2008) , and interesting implications for the evolution of the XPB and XPD family proteins in NER have been proposed (White, 2009; Rouillon and White, 2010) . However, our genetic data showed that null mutants of the genes encoding these Xpb and Xpd proteins are only slightly more sensitive to UV and MMC, and no more sensitive to MMS, as compared with the parental strain. Therefore, these two proteins do not seem to play a major role in the T. kodakaraensis NER pathway. In Eukarya, XPB and XPD are components of the transcription factor TFIIH (Lainé et al., 2006) . Therefore, the archaeal Xpb and Xpd proteins are possibly involved in transcription, but not in DNA repair processes. However, in vitro reconstitution of the transcription system in P. furiosus revealed that TFIIH is not required for the formation of the open complex and the elongation of the RNA strand in the transcription process by RNA polymerase (Hethke et al., 1996; Spitalny and Thomm, 2003) . The biological roles of Xpb and Xpd in the archaeal cells thus remain unclear. In any case, the high levels of MMS and MMC resistance exhibited by the xpb and xpd null mutants suggest that an NER mechanism independent of Xpb and Xpd should exist in T. kodakaraensis.
Interestingly, the Δhef mutant showed much higher sensitivity to MMS and MMC damage, as compared to all of the other mutants tested here, whereas the UV sensitivity was relatively uniform among the strains. In addition, the Δhef mutant was the only one exhibiting obviously higher sensitivity to γ-ray irradiation. These results suggest that the Hef protein could be involved in plural repair pathways in T. kodakaraensis. The higher sensitivity of the Δhef mutant to MMS and MMC suggests that the Hef protein plays a central role in the archaealspecific NER pathway. Mutants targeting either the nuclease or the helicase of Hef exhibited similar phenotypes to the null mutant, indicating that the two activities of the Hef protein are essential for its roles in the repair of the various forms of DNA damage analyzed in this study. This pathway may need Hef/Xpf as a nuclease to cleave the DNA on the 5' side of the DNA damage site and as a helicase to remove the excised damaged DNA, together with other unknown factors. On the other hand, the DNA damage sensitivity profiles of the Δhef mutant strain against MMS and MMC resemble those of the mus81 mutant in yeast, implying that Hef may resolve stalled replication forks by its structure-specific endonuclease activity in the replication fork repair pathway, as we originally predicted (Komori et al., 2002 (Komori et al., , 2004 , and as in the case of the yeast Mus81proteins (Ciccia et al., 2008) .
The Δhef mutant of T. kodakaraensis is especially sensitive to MMC, a chemical compound known to introduce ICLs. This suggests that the Hef function provides an appropriate substrate by its helicase or nuclease activity to process the ICL repair system. We confirmed in this study that the purified TkoHef protein actually has forkstructure-specific nuclease and helicase activities in vitro, as also found for PfuHef in our previous study (Komori et al., 2004) . The detailed biochemical properties of TkoHef have been analyzed, and will be published elsewhere. Interestingly, eukaryotic cells carrying a mutation in the gene encoding FancM, the human Hef ortholog, are specifically sensitive to ICLs caused by MMC, cisplatin, and other compounds (Meetei et al., 2005) . Moreover, the deletion of the mph1 gene, encoding a homologue of the Hef helicase domain in S. cerevisiae, also results in ICL sensitivity (Scheller et al., 2000) . Together, these data strongly suggest that Hef is involved in an ICL repair pathway conserved between Archaea and Eukarya. In addition to the Δhef mutant, the sensitivity of Δhjm to MMC is obviously higher than that of the other three deletion mutants, and therefore, the Hjm helicase probably functions in the repair of stalled replication forks, especially those caused by ICLs. The substrate specificity of the P. furiosus Hjm helicase in vitro is consistent with this prediction (Fujikane et al., 2006) . It would be interesting to determine how Hef (especially its helicase activity) and Hjm function together in stalled replication fork repair in the cells.
The sensitivity of the Δhef mutant to γ-rays suggests that the Hef protein could be involved in DSB repair in the archaeal cells. In Eukarya, the XPF protein is implicated in DSB repair by its endonuclase activity, which removes the 3' flap of the nonhomologous sequence from the DSB ends during the single strand annealing (SSA) and microhomology mediated end joining (MMEJ) pathways (Ahmad et al., 2008) . The endonuclease activity of the Hef protein can cleave the same substrates as XPF in eukaryotes (Ciccia et al., 2008) . This 3' flap endonuclease activity of Hef may also be needed for an efficient DSB repair pathway, such as the extended synthesis dependent strand annealing (ESDSA) pathway, which repairs DSBs through massive DNA synthesis using overlapped homology strands as templates and primers, following fragment assembly via the homologous recombination process (Zahradka et al., 2006) .
In summary, our data suggest that Hef is multifunctional, with both helicase and endonuclease activities, and the possible involvement of Hef in the repair pro- Fig. 7 . Proposed model for the functions of Hef in replication fork repair and double strand break repair. A. The Hef protein cleaves the DNA replication fork stalled by DNA damage, secondary structures, or binding proteins on the template strand. The resolved fork structure is processed by RadA-mediated homologous recombination via D-loop formation. The replisome is then loaded on the D-loop, and the replication fork is reassembled. Hef also works as a nuclease to remove damage on the template strand, by a NER-like procedure. B. DSB repair pathways via SSA, MMEJ, or (E)SDSA. The SSA and MMEJ pathways and the (E)SDSA pathway are shown on the left and right panels, respectively. Hef cleaves the flap structures formed during double stranded break end processing in SSA. Double stranded ends are processed by homologous recombination proteins, and DNA strands are synthesized using the complementary strands as templates. DNA strands are reassembled via homologous recombination. Hef incises the branched DNAs formed during strand annealing in SDSA.
cesses, proposed from this study combined with previous information, has been shown for replication fork repair (Fig. 7A ) and DSB repair (Fig. 7B) in the archaeal cells. Hef may exhibit additional functions by interacting with different partners, depending on the repair pathway.
We made several attempts to isolate radA, rad50, mre11, herA, or nurA mutant strains. However, we were not able to obtain viable deletion mutants, suggesting that those proteins, which are probably involved in the HRR, are essential for the viability of T. kodakaraensis. It is well known that the strains with null mutations of rad51, rad50, and mre11 in S. cerevisiae and recA in E. coli are viable, although the proteins encoded by these genes are essential in HRR. Similarly, rad50 and mre11 deletion mutant strains are viable in H. volcani and Halobacterium sp. NRC-1, as in E. coli and S. cerevisiae (Delmas et al., 2009; Kish and DiRuggiero, 2008) . It is therefore intriguing that the radA, rad50, mre11, herA, and nurA genes seem to be essential in T. kodakaraensis. The HRR event may be especially important for repairing the DNA damage caused by the high temperature required for T. kodakaraensis viability. Considering the molecular mechanism of HRR, it is surprising that the deletion of the hjc gene affected neither cell growth nor sensitivity to DNA damage in this study. Hjc was originally discovered in a P. furiosus cell extract as the first HJ resolvase in Archaea, and in vitro resolution of the E. coli RecA-mediated recombination intermediate by P. furiosus Hjc was demonstrated (Komori et al., 1999) . The hjc gene is perfectly conserved in all archaeal genomes, and therefore, we believed that Hjc is in charge of HJ resolution during the HRR process in archaeal cells. How do archaeal cells resolve the HJ intermediate generated during the HRR process in the cells lacking Hjc? There are two possibilities for understanding the results of the deletion analysis of Hjc. T. kodakaraensis either does not use the pathway involving the formation of the HJ to repair the DNA damage in this study, or the HJ resolution can be performed with the same efficiency by another enzymatic pathway that does not include Hjc. This is an interesting problem to be solved in the research field of archaeal DNA repair.
The gene targeting method in T. kodakaraensis that we employed in this work is a powerful tool for in vivo analyses of certain DNA repair genes. However, there are few genetic tools for these hyperthermophilic archaea, as compared to those available for other model organisms, such as E. coli and yeast, as well as human cell lines and chicken DT40 cells. Nevertheless, one can hope that the rapid development of more elaborate tools for genetic studies in T. kodakaraensis will soon allow new investigations to gain answers to the essential questions described above, for a comprehensive understanding of the archaeal DNA repair systems.
During the preparation of this manuscript, a report was published describing genetic analyses of H. volcanii deletion mutant strains for the hef and hjc genes (Lestini et al., 2010) . Their results indicated that Hef is essential for cell viability in the absence of Hjc. The authors proposed that Hef and Hjc share alternative functions to restart stalled DNA replication forks, based on the results that single mutants of hef and hjc showed no significant defects in either growth or homologous recombination, while the double mutant of these genes were inviable. It is also very interesting that their results indicated that Hef has a function independent of homologous recombination (radA-independent pathway). These results support the fact that Hef is involved in plural DNA repair systems in the archaeal cells. In contrast to our results, the single mutant of the hef gene in H. volcanii showed only slight sensitivity to DNA crosslinking agents, and therefore, the contributions of the Hef protein in the DNA repair processes are somewhat different between T. kodakaraensis and H. volcanii. Further genetic efforts on archaeal hef and other repair-related genes will enhance our understanding of the detailed functions of Hef in the archaeal repair systems.
